INTRODUCTION
============

Membrane-bending proteins play a key role in shaping intracellular compartments ([@B40]; [@B72]; [@B18]; [@B55]). Steady-state analyses suggest several mechanisms to explain how these proteins impose unique shapes on flat membranes ([@B40]; [@B72]; [@B18]; [@B48]; [@B55]; [@B6]; [@B8]; [@B59]). For example, these proteins may act as curvature sensors that stabilize spontaneous membrane structures or function as active benders that physically force membranes to curve. Many membrane-bending proteins engage in both sensing and bending activities, suggesting that these activities are functionally linked and not mutually exclusive ([@B45]; [@B72]; [@B48]). Although previous studies provided significant insights, the mechanistic understanding of membrane-bending remains in the form of snapshots. It is unknown how multiple mechanisms act together to promote membrane remodeling. Here we use high-resolution kinetic analyses to explore the action of the membrane-bending protein endophilin.

Endophilin promotes synaptic vesicle (SV) endocytosis at nerve terminals. Inactivation of endophilin produces profound synaptic defects, including depletion of SVs, accumulation of endocytic intermediates, and subsequent failure in synaptic transmission ([@B53]; [@B19]; [@B22]; [@B52]; [@B54]; [@B62]; [@B5]; [@B41]). To support neuronal activity, endophilin must act rapidly because SV endocytosis is one of the fastest membrane recycling processes---for example, SV endocytosis can take place in ≤1 s ([@B63]; [@B26]; [@B25]; [@B64], [@B65]). Of interest, endophilin is only recruited to endocytic intermediates at a late stage before scission ([@B17]; [@B33]), which further increases the demand for speed in its action.

The endophilin [B]{.ul}in--[A]{.ul}mphiphysin--[R]{.ul}vs domain (EndoBAR) is a founding member of the membrane-remodeling BAR family ([@B18]). EndoBAR expression in *endophilin*-knockout neurons fully or partially rescues endocytic defects at synapses, demonstrating the functional importance of this domain ([@B5]; [@B41]; [@B15]). The ability of EndoBAR to stabilize/produce membrane curvature is well documented. It converts flat membranes in vitro into bilayer tubules of various diameter, as well as into small, highly curved vesicles and cylindrical micelles ([@B16]; [@B20]; [@B37]; [@B43]; [@B60]; [@B9]; [@B42]). When overexpressed in cells, EndoBAR disturbs the plasma membranes and produces deep membrane invaginations ([@B37]; [@B9]).

EndoBAR dimers are the active units for shaping membranes ([@B66]; [@B20]; [@B42]). Each EndoBAR dimer has a crescent shape with a basic, membrane-binding surface at its concave surface ([@B45]; [@B66]; [@B20]; [@B37]). Several models have been proposed to describe how endophilin senses and bends membranes. First, the "scaffold" model predicts that dimeric EndoBAR uses its crescent shape as a rigid mold to impose curvature on membranes ([@B20]; [@B37]; [@B42]). Second, the "wedging" model suggests that the bending property of EndoBAR is powered by insertion of two amphipathic helices (H0 and HI) into membranes, which induces an asymmetric distribution of lipids in the bilayer to produce curved membranes ([@B20]; [@B37]). Third, cryo--electron microscopy (EM) and simulation studies suggest that EndoBAR forms highly organized lattice structures on membrane tubules, suggesting that intermolecular interactions between neighboring EndoBAR dimers facilitate curvature generation ([@B42]; [@B13]; [@B57]). Finally, recent studies suggest that the insertion depth of amphipathic helices modulates the scaffolding effects ([@B1]; [@B29]), switching endophilin action from tubulation to vesiculation. Although it is known that multiple mechanisms are engaged, how these activities coordinate to promote endophilin's function in rapid endocytosis remains elusive.

Here we demonstrate with time-resolved kinetic analyses that endophilin is a multifaceted molecule that integrates activities of sensing, bending, and stabilizing curvature to sculpt membranes. We show that wedging and scaffolding activities are highly coordinated to ensure endophilin function in vivo.

RESULTS
=======

To understand how endophilin rapidly shapes membranes, we used stopped-flow rapid-mixing apparatus and fluorescence methods to investigate the early action that endophilin takes on membranes.

First, we used a Förster resonance energy transfer (FRET) method to study endophilin--membrane association. The donor fluorophore (Pacific Blue) was covalently linked to the single cysteine residue (Cys-108) in EndoBAR ([@B11]). We incorporated a trace amount of 7-nitrobenz-2-oxa-1,3-diazole--labeled phosphoethanolamine (NBD-PE) into liposomes as the acceptor fluorophores ([Figure 1A](#F1){ref-type="fig"}). Binding between EndoBAR and the liposomes brings the donor and acceptor fluorophores into close proximity, leading to increased NBD fluorescence and decreased Pacific Blue fluorescence due to nonradiative energy transfer from donor to acceptor ([Figure 1B](#F1){ref-type="fig"}; see controls in Supplemental Figure S1). Electron microscopy and cosedimentation studies show that NBD-PE (5% of total lipids) does not impair liposome morphology and EndoBAR--membrane association (Supplemental Figure S2).

![EndoBAR senses membrane curvature to promote rapid association. (A) Schematic diagram of the FRET assay ([@B11]). (B) FRET signals report the EndoBAR--membrane association. Steady-state emission spectra were collected using an excitation wavelength of 400 nm, with Pacific Blue--labeled EndoBAR (1 μM) in the presence of liposomes (0.5 mM total lipids; liposomes were prepared using extrusion through polycarbonate filters with 1-μm pore size \[designated 1μm filter\] and 50-nm pore size \[designated 50nm filter\]). PS/PC, liposomes harboring 25% DOPS, 70% POPC, and 5% NBD-DPPE. PC only, liposomes harboring 95% POPC and 5% NBD-DPPE. The donor fluorophore Pacific Blue was covalently linked to the native Cys-108 residues of EndoBAR. BSA was used as a control for nonspecific interactions (Supplemental Figure S1). (C) Stopped-flow analyses show that EndoBAR binds more rapidly to liposomes with higher degree of curvature. Liposomes (0.5 mM total lipids) of various diameters and Pacific Blue--labeled EndoBAR (1 μM) were rapidly mixed using the SX-20 stopped-flow spectrometer. NBD fluorescence was collected using a 515-nm long-pass filter. The raw data traces were fitted with a single-exponential function to obtain the rate constant *k*~obs~. (D) EndoBAR binds tighter to liposomes with a higher degree of curvature. Average data from three independent experiments. The dissociation constant (*K*~d~) for EndoBAR--liposome interactions is calculated as *k*~off~*/k*~on~. Rate constant (*k*~obs~) is plotted as a function of \[liposome\] to determine *k*~on~ and *k*~off~. Error bars indicate SD.](2119fig1){#F1}

Real-time kinetic analyses using the stopped-flow apparatus show that EndoBAR rapidly binds membranes in a curvature-dependent manner ([Figure 1](#F1){ref-type="fig"}). EndoBAR binds large liposomes (prepared by extrusion through filters with 1-μm pores \[designated "1-μm filter"\]; 0.5 mM total lipids, 25% phosphatidylserine \[PS\]/70% phosphatidylcholine \[PC\]/5% NBD-PE) with a rate constant of 70 ± 3 s^−1^. The association rates were significantly accelerated (150 ± 19 s^−1^) on high-curvature membranes (liposomes extruded through filters with 50-nm pores \[designated "50-nm filter"\]; [Figure 1C](#F1){ref-type="fig"}). This translates into ∼15-fold higher affinity for small liposomes than for large ones ([Figure 1D](#F1){ref-type="fig"}). Similar results were obtained using full-length endophilin, although association rates were slightly but significantly slower than those for EndoBAR (Supplemental Figure S3). These data strongly suggest that endophilin has a preference for highly curved membranes, consistent with previously reported curvature-sensing ability ([@B45]; [@B20]; [@B7]; [@B6]; [@B58]).

We next incorporated a trace amount of the lipophilic fluorescent dye 6-dodecanoyl-2-dimethylaminonaphthalene (laurdan) into membranes to study how endophilin deforms lipid bilayers. Laurdan fluorescence is highly sensitive to changes at the water--membrane interface ([Figure 2A](#F2){ref-type="fig"}; [@B44]; [@B71]; [@B28]). Membrane deformation leads to an increase in membrane water content that consequently quenches laurdan fluorescence and shifts its spectrum, making laurdan an excellent indicator for detecting early and local membrane deformation. As expected, the addition of EndoBAR induced a significant reduction in fluorescence intensity and a slight shift of the laurdan spectrum ([Figure 2B](#F2){ref-type="fig"}; 0.25% laurdan). The shift in fluorescence spectrum became more apparent when the laurdan concentration was increased to 2% (unpublished data). The incorporation of trace amounts of laurdan does not affect EndoBAR--membrane association (Supplemental Figure S4, A--C) and endophilin-induced tubulation (Supplemental Figure S4, D and E). Mutant versions of EndoBAR that fail to generate membrane tubules in EM studies ([@B20]; [@B37]) display attenuated laurdan changes (Supplemental Figure S5A), consistent with reduced bending ability in these mutants. To further confirm that laurdan detects membrane deformation for tubulation, we used the FCHO-1 F-BAR domain. Unlike endophilin, which has both tubulation and vesiculation activities, F-BAR proteins mainly generate membrane tubules ([@B9]). We found that FCHO1 F-BAR efficiently quenches laurdan fluorescence (Supplemental Figure S6), suggesting that laurdan detects changes that lead to membrane tubules.

![Membrane deformation and association are distinct processes. (A) Schematic representation showing that laurdan fluorescence decreases upon membrane deformation. (B) Laurdan fluorescence was significantly quenched in the presence of EndoBAR (1 μM). Liposomes (0.5 mM total lipids) were composed of 25% DOPS, 5%DPPE, 70% POPC, and trace amount (0.25%) of laurdan. Laurdan was excited at 365 nm. Solid and dashed lines indicate conditions with and without EndoBAR, respectively. (C) Membrane deformation occurs after EndoBAR--membrane association. Time course of laurdan quenching (blue) and EndoBAR-membrane FRET (orange) were collected using the SX-20 stopped-flow spectrometer. FRET signal was inverted for clarity in comparison. In both kinetic analyses, \[EndoBAR\] was 1.5 μM, and liposomes were composed of 0.5 mM total lipids. Note that liposomes with different fluorescent reporters (laurdan vs. NBD-PE) were used in these experiments. (D) EndoBAR--membrane association becomes faster when protein concentration increases. Representative traces show FRET kinetics at various \[EndoBAR\]. (E) Laurdan quenching traces obtained with various \[EndoBAR\] are plotted. Laurdan quenching kinetics does not vary with \[EndoBAR\]. (F) Rate constants (*k*~obs~) of membrane association and deformation obtained by single-exponential fits are plotted vs. \[EndoBAR\]. Average data from three independent experiments. Error bars indicate SD. (G) EndoBAR deforms membranes containing short-tail lipids (05:0 PC(1,2-dipentanoyl-sn-glycero-3-phosphocholine)) with faster rates. Liposomes are composed of 25% DOPS, 5% DPPE, and 70% PC (the fractions of 5-carbon PC are indicated; the rest of lipids were POPC). All liposomes were prepared by extrusion (filters with pores 1 μm in diameter) and contain a trace amount (0.25%) of laurdan. *k*~obs~ is plotted vs. fraction of five-carbon PC in the liposomes.](2119fig2){#F2}

To further validate that laurdan quenching is due to membrane changes rather than interactions between EndoBAR and laurdan, we performed control experiments using smaller liposomes ([@B71]). Because EndoBAR binds smaller liposomes with much higher affinity ([@B7]), there is an increased chance that EndoBAR will encounter laurdan on these liposomes. If laurdan fluorescence is quenched by unexpected EndoBAR--laurdan interactions, we expect increased degrees of laurdan quenching in samples with smaller liposomes. In contrast, if membrane changes are the reason for laurdan quenching, we expect less quenching with smaller liposomes, as these membranes begin with more water exposure. Indeed, we found that laurdan changes do not correlate with endophilin--membrane association. The extent of laurdan fluorescence drop is significantly reduced when highly curved liposomes are used (Supplemental Figure S5, B--D), despite the fact that endophilin binds these liposomes with increased affinity ([Figure 1](#F1){ref-type="fig"}). Together these results indicate that laurdan quenching is not due to direct interactions between laurdan and EndoBAR. Instead, laurdan reports changes in lipid bilayers, as expected ([@B71]).

To understand the speed of EndoBAR-induced membrane deformation, we monitored the time course of laurdan quenching using a stopped-flow rapid-mixing apparatus. Our kinetic results show that membrane deformation occurs in two stages: a delayed phase (∼34 ms) with little decrease of laurdan fluorescence (\<14%), followed by a rapid phase of large fluorescence drop that takes place after the initial delay ([Figure 2C](#F2){ref-type="fig"}). Compared with membrane association (*k*~obs~ = 85 ± 2 s^−1^), the speed of membrane deformation is slower (*k*~bending~ = 21 ± 1 s^−1^; [Figure 2C](#F2){ref-type="fig"}). Similar results were observed with full-length endophilin (Supplemental Figure S7), although membrane deformation is slightly accelerated (26 ± 5 s^−1^ for full-length and 21 ± 1 s^−1^ for EndoBAR). These data show that the protein--membrane association and early membrane deformation are temporally separable events.

We next asked whether membrane association and bending are mechanistically distinct. We found that membrane association rate is positively correlated with endophilin concentration ([Figure 2, D--F](#F2){ref-type="fig"}), indicating that membrane association is dominated by the collision frequency between endophilin and membranes. In contrast, the rates of membrane deformation reported by laurdan fluorescence do not vary with endophilin concentration ([Figure 2, E and F](#F2){ref-type="fig"}, and Supplemental Figure S7C), suggesting that mechanisms other than collision set the rate-limiting step of membrane deformation. These data indicate that distinct mechanisms are used for membrane association and membrane deformation.

Previous studies showed that membrane fluidity significantly affects endocytosis ([@B47]) and the membrane-bending ability of endocytic proteins ([@B47]; [@B61]). To confirm that laurdan quenching is limited by membrane rigidity, we incorporated short-chain lipids (five carbons) into liposomes to increase membrane fluidity. We found that EndoBAR bends these "more fluidic" liposomes at higher rates ([Figure 2G](#F2){ref-type="fig"}; [@B61]).

To further investigate the mechanisms for endophilin-induced membrane bending, we studied the role of the amphipathic helices (H0 and HI) of endophilin, which have been indicated as the wedges that generate asymmetric distribution of lipids in the bilayer ([@B20]; [@B37]; [@B30]; [@B9]; [@B13]; [@B1]). We placed a single tryptophan (Trp) residue in either EndoBAR H0 (F10W) or HI (M70W) to monitor membrane insertion ([Figure 3A](#F3){ref-type="fig"}). To test whether these Trp reporters impair endophilin function, we carried out cosedimentation, flotation experiments, EM analyses, behavior assays, and electrophysiological recordings. We found that expression of Trp mutant EndoBAR in endophilin-knockout worms fully recovers the defects in locomotion rates and synaptic transmission (Supplemental Figure S8). Using the sucrose flotation assay, we observed that Trp-mutant proteins bind membranes to similar levels as wild-type EndoBAR (Supplemental Figure S9A). Finally, EM analyses confirmed that Trp mutations do not alter the shape distribution of membrane tubules (Supplemental Figure S9, B and C). These results suggest that EndoBARs with Trp reporters remain functional in vivo and in vitro.

![Insertion of amphipathic helices is a postbinding event that initiates local membrane deformation. (A) Schematic diagram showing the structure of an EndoBAR dimer (modified from PDB ID 1ZWW; [@B66]). Two amphipathic helices (H0 in green, HI in purple) in each monomeric EndoBAR are highlighted. Because these helices were not resolved in the crystal structure, cartoons are used to illustrate helices. (B, C) Trp fluorescence changes indicate that the H0 and the HI helices have inserted into membranes. A single Trp residue was placed into the H0 (F10W) and the HI (M70W), respectively. EndoBAR (1 μM) was incubated with liposomes (1 μm in diameter and 0.5 mM total lipids). PS/PC, 25% DOPS, 5% DPPE, and 70% POPC. PC, 95% POPC and 5% DPPE. Trp fluorescence was excited at 285 nm. (D--F) The H0 and HI helices penetrate into the hydrophobic core of membranes. The depth of helix insertion was calculated using parallax analysis ([@B31]; [@B4]). The fluorescence quencher groups (bromide; Br) were immobilized onto the lipid carbon tail at positions 6/7 and 9/10. Trp fluorescence was measured using an excitation wavelength of 285 nm. The degree of Trp fluorescence quenching was quantified using ln(*F*/*F*~0~), where *F* and *F*~0~ indicate Trp fluorescence intensity at 350 nm in the presence and absence of Br~2~-PC liposomes, respectively ([@B4]). Average data from three independent experiments. (F) Diagram indicating the depth of penetration of H0 and HI helices. For wild-type EndoBAR, the H0 and HI helices penetrate a similar depth into membranes (∼8 ± 2 Å from the center of the lipid bilayer). (G) Kinetics of Trp fluorescence showing that H0 inserts into the membrane with a significant delay, ∼34 ms. Rate constant and delay time are presented as mean ± SD. (H) The speed of membrane insertion of H0 does not vary with protein concentration. Average data from three independent experiments. Error bars indicate SD. (I) Membrane insertion occurs at the same time as laurdan fluorescence abruptly drops. Representative traces of membrane association (FRET), membrane deformation (laurdan), and H0 insertion are aligned at time 0. Trp fluorescence and FRET traces are inverted for clarity in comparison. In all conditions, EndoBAR (1.5 μM) was incubated with liposomes (extruded by polycarbonate filters with 1-μm-diameter pores, 0.5 mM lipids).](2119fig3){#F3}

Our results show that both Trp probes exhibit increased fluorescence in the presence of PS/PC liposomes (compared with PC liposomes; [Figure 3, B and C](#F3){ref-type="fig"}), suggesting that these Trp residues are inserted into hydrophobic regions of membranes containing negatively charged lipids ([@B20]; [@B37]; [@B30]; [@B1]). Membrane insertion of these amphipathic helices is further confirmed using membrane-embedded bromide quenchers, which silence Trp fluorescence through physical contacts with the bromide groups in membranes ([Figure 3, D and E](#F3){ref-type="fig"}). We find that both Trp residues insert into the lipid core to similar depth (∼12 ± 2 Å below the lipid phosphates, or ∼8 ± 2 Å away from the center of the lipid bilayer; [Figure 3F](#F3){ref-type="fig"}). These data are in agreement with recent findings showing that the F10 residue locates at ∼11 Å below the lipid phosphates, and the M70 residue reaches ∼8 Å below the lipid phosphates on membrane tubules ([@B1]).

Our kinetics analyses show that Trp fluorescence does not increase during the initial period (∼34 ms), which is identical to the delay observed in the laurdan assay and is drastically different from membrane association kinetics ([Figures 2C](#F2){ref-type="fig"} and [3, G and H](#F3){ref-type="fig"}). The speed of H0 and HI insertion is significantly slower than membrane association ([Figure 3, G--I](#F3){ref-type="fig"}; unpublished data), indicating that H0 and HI do not insert until EndoBAR is fully associated with membranes. Similar to membrane deformation, the rates of helix insertion remain identical at various protein concentrations ([Figure 3I](#F3){ref-type="fig"}), showing that protein--membrane collision is not the rate-limiting step for insertion. These results show that the membrane association and helix insertion are kinetically and mechanistically different. It is worth noting that the structure of H0 and HI was not well resolved in crystallographic studies due to high degrees of flexibility ([@B37]; [@B30]). Previous studies suggest that the H0 and HI regions undergo conformational changes on membranes ([@B20]; [@B37]; [@B30]). Such intramolecular rearrangements may explain the delay and the concentration-independent nature of Trp fluorescence kinetics.

Because helix insertion occurs more rapidly than membrane deformation ([Figure 3I](#F3){ref-type="fig"}), we speculated that laurdan quenching is due to the wedging effect after helix insertion. To test whether helix insertion actively works against membrane rigidity, we compared Trp and laurdan fluorescence changes using rigid membranes harboring saturated lipids with long carbon chains (dimyristoyl-phosphatidylcholine \[DMPC\], 14:0; [@B14]; [@B32]; [@B36]). Of interest, we found that whereas EndoBAR H0 inserts into rigid membranes (Supplemental Figure S10A), laurdan fluorescence remains largely unquenched (Supplemental Figure S10B). These results indicate that helix insertion does not directly quench laurdan fluorescence. Instead, membrane rigidity serves as a limiting factor that restricts the effect of helix insertion on membrane deformation. Together our results indicate that endophilin binds membranes through collision-dependent curvature-sensing mechanisms. After binding, a collision-independent mechanistic transition prepares endophilin for insertion and subsequently drives membrane deformation.

To estimate the time course of large-scale membrane deformation, we used electron microscopy to analyze liposome samples that were incubated with EndoBAR for 3 s, 2 min, and 30 min, respectively ([Figure 4](#F4){ref-type="fig"}). It has been reported that EndoBAR has both tubulation and vesiculation activities. We found that these activities take place on different time scales. At 3 s after incubation, liposomes largely retain their morphology. After 2 min, \>40% of liposomes have tubules on them ([Figure 4B](#F4){ref-type="fig"}). By contrast, vesiculation at this time point is not apparent, as the diameter distribution of liposome/vesicles remains unchanged (Kolmogorov--Smirnov \[KS\] test, nonsignificant; [Figure 4C](#F4){ref-type="fig"}, middle). After 30 min of incubation, the fraction of liposomes with tubules did not increase further. However, the diameter of liposomes/vesicles became significantly smaller ([Figure 4C](#F4){ref-type="fig"}, right), indicating the formation of small vesicles. Although our data suggest that vesiculation happens later than tubulation, we do not know whether these events are sequential or parallel. Nonetheless, EM studies suggest that large-scale membrane deformation occurs on the seconds-to-minutes time scale.

![Large-scale membrane deformation induced by EndoBAR occurs on seconds-to-minutes time scale. (A) EndoBAR-induced membrane deformation was examined by EM. Representative images were collected from liposomes without proteins (blank) and liposomes incubated with EndoBAR (1 μM) for 3 s, 2 min, and 30 min, respectively. Reaction was stopped by fixing with 0.5× Karnovsky's solution. Liposomes contained 25% DOPS, 5% DPPE, and 70% POPC and were prepared by extrusion through filters with 1-μm pore size. (B) Membrane tubulation appeared after 3 s of incubation. Fraction of tubulation = number of liposomes with extended protrusions/number of total liposomes. Samples were collected in three independent experiments. Student's *t* test was used for statistical analysis. Error bars indicate SD. (C) Vesiculation became significant after 2 min of incubation. To measure the vesicle diameter, ImageJ was used to draw a small circle that covers each vesicle/liposome. The diameter of the circle was used in these analyses. The distribution of vesicle diameter is represented as histograms. Size distribution of blank liposomes (pink) is plotted as control. Data from samples with EndoBAR are shown in light green. The number of analyzed images is 25 (blank), 28 (3 s), 34 (2 min), and 27 (30 min). Vesicle diameter values that were greater or equal to 20 nm were binned to 10-nm width. The KS test was used for statistical analysis. ^\#\#^Unequal distributions.](2119fig4){#F4}

Next we examined the scaffolding role of EndoBAR dimers in membrane bending. We introduced two hydrophilic serine residues to replace M97 and F110 at the EndoBAR dimer interface ([@B66]; [@B20]). Free equilibrium simulations suggest that mutant EndoBAR adopts a more curved dimer surface, with an average radius of gyration of 116 ± 5 Å, compared with 138 ± 6 Å for wild-type EndoBAR ([Figure 5A](#F5){ref-type="fig"}). The changes in scaffold shape are due to a sliding motion at the interface of EndoBAR dimers rather than to changes of EndoBAR monomer conformation. To test whether there are changes in the dimer scaffold, we performed cross-linking experiments using Bis-MAL-dPEG11, which has two cysteine-reactive maleimide groups separated by a ∼3-nm polyethylene glycol (PEG) linker ([Figure 5B](#F5){ref-type="fig"}). Previous studies showed that Bis-MAL-dPEG11 does not cross-link wild-type EndoBAR dimers ([Figure 5B](#F5){ref-type="fig"}, top right; [@B11]), as the two C108 residues (one in each monomer) are located ∼6 nm away from each other ([@B66]). Of interest, we found that Bis-MAL-dPEG11cross-links the mutant (M97, F110) EndoBAR ([Figure 5B](#F5){ref-type="fig"}, bottom right). Although cross-linking experiments provide only low-resolution information, these results are consistent with the computational findings suggesting a change in the EndoBAR dimer scaffold.

![Mutations that alter the dimer scaffold disrupt the tubulation property. (A) Free equilibrium simulations show that a mutant (M97S, F110S; green) EndoBAR adopts a more curved crescent surface than wild-type EndoBAR (purple). (B) Left, schematic for cross-linking experiments using Bis-MAL-dPEG11 (∼3 nm in length). The distance between two Cys-108 residues in the EndoBAR dimer is ∼6 nm. Right, wild-type (wt) and mutant EndoBAR (5 μM) were incubated with cross-linker (15 μM) at 4°C for various time as indicated and samples were analyzed on nonreducing SDS--PAGE gels. EndoBAR monomers (∼28 kDa) and cross-linked dimers (∼58 kDa) are indicated by arrowheads. (C) Transmission electron micrographs for liposomes (prepared using filters with 1-μm pore size) incubated with wild-type EndoBAR (left) and mutant M97S, F110S EndoBAR (right). (D) Distribution of tubule width. Membrane tubules induced by mutant EndoBAR are thinner (three independent repeats). The KS test was used for statistical analysis. ^\#\#^Unequal distributions. (E) Mutant EndoBAR produced shorter membrane tubules than the wild-type EndoBAR (three independent repeats). Liposomes and proteins were incubated for 30 min before fixation. The KS test was used for statistical analysis.](2119fig5){#F5}

To determine the membrane-bending ability of mutant (M97S, F110S) EndoBAR, we used electron microscopy to observe large-scale membrane deformation. We quantified tubule length and width from liposome samples that were incubated with either wild type or the mutant EndoBAR for 30 min ([Figure 5C](#F5){ref-type="fig"}). Both the length and the diameter distribution histograms are significantly different from those obtained from wild-type EndoBAR samples ([Figure 5, D and E](#F5){ref-type="fig"}; KS test). In samples mixed with the mutant EndoBAR, membrane tubules became thin and short ([Figure 5, D and E](#F5){ref-type="fig"}), suggesting that these tubules have defects in stability.

To ask how these mutations (M97S, F110S) affect early membrane deformation, we examined the extent and the kinetics of laurdan quenching by mutant EndoBAR. Surprisingly, the laurdan assay showed that the mutant EndoBAR has enhanced ability to induce local membrane deformation. Both the extent and the speed of laurdan quenching were increased in the presence of the mutant EndoBAR (Supplemental Figure S11, A and B).

Because amphipathic helices H0 and HI have an important role in early membrane deformation, we next asked whether amphipathic helices of the mutant EndoBAR are properly positioned in membranes. We found that in the mutant EndoBAR, the H0 Trp probe stays outside membranes, evidenced by the lack of fluorescence enhancement by PS/PC liposomes ([Figure 6A](#F6){ref-type="fig"}) and by the absence of fluorescence quenching in the presence of membrane-embedded bromide labels ([Figure 6C](#F6){ref-type="fig"}). These data suggest that the H0 helix in the mutant EndoBAR fails to insert into membranes. However, it is also possible that the H0 helix has become heavily tilted in such a way that part of the helix remains in the bilayer, whereas the F10W residue stays outside of the lipid core. We next examined the insertion depth of HI and found that the penetration depth of HI became shallower ([Figure 6D](#F6){ref-type="fig"} and Supplemental Figure S11C). Together these results show that mutations at the dimer interface lead to both scaffolding and wedging defects.

![The H0 helix of mutant EndoBAR fails to insert into membranes. Trp fluorescence was monitored as described in [Figure 3](#F3){ref-type="fig"}. EndoBAR (1 μM) was incubated with liposomes (prepared by extrusion through filters with 1-μm pores; 0.5 mM total lipids). PS/PC, 25% DOPS, 5% DPPE, and 70% POPC. PC, 95% POPC and 5% DPPE. Trp fluorescence was excited at 285 nm. The H0 helix of the mutant EndoBAR fails to insert (green) (A), whereas the HI insertion remains intact (magenta) (B). (C) Membrane-embedded bromide does not quench F10W (H0) fluorescence. Liposomes contain 25% (6,7)-Br~2~-PC, 25% DOPS, 5% DPPE, and 45% POPC. (D) Schematic showing altered H0 and HI insertion of the mutant EndoBAR. Parallax analysis was used to determine the position of the HI helix in membranes (M97S, F110S mutant, ∼11 Å from the center of bilayer; EndoBAR WT, ∼8 Å; three independent repeats; *p* \< 0.05, Student's *t* test).](2119fig6){#F6}

To test the function of the mutant EndoBAR (M97S, F110S) in vivo, we expressed single-copy transgenes encoding either wild-type or mutant versions of EndoBAR in the nervous system of *C. elegans*. Mutant worms that lack the *endophilin unc-57* gene exhibit severe defects in the recycling of SVs, leading to a smaller pool of SVs and a corresponding decrease in synaptic transmission ([@B54]; [@B5]). We used both locomotion assays and electrophysiological recordings at neuromuscular junctions as readouts to monitor endophilin's function in vivo. As previously reported, expression of mCherry-tagged mouse endophilin BAR domain (mEndoBAR::mCherry) under the control of a panneuronal promoter (*Prab-3*) fully restored locomotion rates, endogenous excitatory postsynaptic current (EPSC) frequency, and evoked EPSC amplitudes in *unc-57* mutant worms ([Figure 7, A--F](#F7){ref-type="fig"}; [@B5]; [@B15]). By contrast, although mutant (M97S, F110S) EndoBAR has a similar distribution pattern (Supplemental Figure S12), it failed to rescue behavioral and synaptic defects. In particular, failure in restoring endogenous EPSC frequency indicates that mutant EndoBAR has lost its synaptic activity. These data suggest that proper scaffolding and wedging are necessary for endophilin function in vivo. Surprisingly, we found that the mutant (M97S, F110S) EndoBAR introduced two additional defects to the *unc-57* mutant worms. First, the amplitudes of endogenous EPSCs became smaller, indicating reduced acetylcholine signaling from individual SV exocytotic events ([Figure 7D](#F7){ref-type="fig"}). This phenotype is often associated with smaller SV size or defects in loading neurotransmitters into SVs. Second, when compared with mutant worms lacking *unc-57* endophilin, the amplitudes of evoked EPSCs were further reduced ([Figure 7, E and F](#F7){ref-type="fig"}). These data indicate that the mutant EndoBAR has gained a new role in inhibiting an endophilin-independent SV recycling pathway, possibly by competing with other membrane-remodeling proteins such as amphiphysin and syndapin. However, further studies are required to fully address the inhibitory role of mutant EndoBAR.

![The mutant (M97S, F110S) endophilin exhibits functional defects in vivo. A panneuronal promoter *Prab-3* was used to drive transgene expression. Single-copy transgenes encoding mCherry-tagged mouse EndoBAR variants (*Prab-3::mEndoBAR::mCherry*) were introduced into *unc-57(e406)* mutant (A--F) and wild-type N2 worms (G and H). (A) *C. elegans* locomotion is restored by neuronal expression of mEndoBAR wild type (BAR wt) but not the mutant M97S,F110S mEndoBAR. Representative trajectories (15 animals) of 30-s locomotion are shown for each genotype. The starting points for each trajectory are aligned for clarity. (B--E) Electrophysiological recordings show that mutant mEndoBAR failed to recover synaptic defects in *unc-57* mutant worms. Representative traces (B, E) and summary data for endogenous EPSC rates (C) and amplitudes (D) and for evoked EPSC amplitudes (F) are shown for the indicated genotypes. \*\*\**p* \< 0.001 and *\*p* \< 0.05 vs. wild-type controls. ^\#\#\#^*p* \< 0.001 and ^\#^*p* \< 0.05 vs. *unc-57* mutants. The number of worms analyzed for each genotype is indicated in the bar graphs. Error bars represent SEM. (G, H) The mutant EndoBAR inhibits synaptic activities in wild-type worms. Amplitudes of evoked EPSCs were significantly reduced when the mutant EndoBAR was expressed in the wild-type *C. elegans*. \*\**p* \< 0.01 vs. wild-type mEndoBAR controls. The number of worms analyzed for each genotype is indicated in the bar graphs. Error bars represent SEM.](2119fig7){#F7}

Taken together, our results suggest that dimeric endophilin serves as a rigid scaffold to coordinate membrane insertion of amphipathic helices, determine membrane curvature, and stabilize curvature on membrane tubules.

DISCUSSION
==========

Endophilin plays a crucial role in endocytosis, which occurs over different time scales. In particular, endophilin is essential for rapid recycling of synaptic vesicles ([@B53]; [@B22]; [@B54]; [@B5]; [@B41]). The short duration of SV endocytosis requires endophilin to act quickly. Although multiple mechanisms have been proposed, steady-state analyses have limited power in revealing the immediate action that endophilin takes to remodel membranes. Our kinetic measurements show that endophilin uses sequential actions of sensing and wedging to sculpt membranes; both steps are mediated by distinct mechanisms. Different rate-limiting steps of sensing and bending indicate that these activities could be individually tuned. Of interest, we observed that after local membrane deformation, endophilin continues to drive membrane changes on the seconds-to-minutes time scale, which suggests that large-scale membrane changes develop slowly and require more time. We therefore propose that the kinetic property of various endocytosis events constrains the model of endophilin action. Taken together, our data highlight the early action that endophilin takes to remodel membranes and provide mechanistic insights in particular into how endophilin meets kinetic requirements for rapid endocytosis.

A mechanistic transition from a curvature sensor to a membrane bender
---------------------------------------------------------------------

Our results show that endophilin takes about 30 ms to transform from a curvature sensor into an active bender after binding membranes. The initial curvature sensing and the subsequent bending activities are mechanistically distinct.

Endophilin binds membranes through collision-dependent, curvature-sensing mechanisms. After binding, a collision-independent mechanism is engaged to prepare endophilin for insertion and deformation. These findings indicate that endophilin does not immediately deform membranes upon its arrival. We propose that the bending function is activated only after helices become ready for insertion. This model is consistent with previous findings showing that the H0 and the HI regions are disordered in crystal structures ([@B66]; [@B20]; [@B37]). They become helical only after binding membranes ([@B34]; [@B30]). Slow conformational changes could explain the collision-independent nature of initial membrane deformation.

A lag of 30 ms in endophilin bending action is an important factor to consider when studying endophilin's role in SV endocytosis because the duration of an endocytic event at a synapse can be as short as 50 ms ([@B64], [@B65]). The delay between association and membrane deformation indicates that endophilin takes multiple steps to morph into a membrane bender. The distinct nature of endophilin binding and bending activities may allow differential regulation of protein targeting and membrane remodeling by posttranslational modifications such as phosphorylation ([@B38]; [@B1]; [@B3]).

An active role of helix insertion in promoting membrane deformation
-------------------------------------------------------------------

Previous studies suggested that H0 insertion is essential for curvature sensing, that is, deletion and mutation in the H0 helix disrupt curvature-dependent enrichment of EndoBAR on liposomes ([@B7]). Based on these findings, it was proposed that the curvature-sensing property is mediated by H0 insertion. Of interest, our kinetic results show that the curvature-dependent association reached completion before insertion began, indicating that early sensing ability during association is not due to helix insertion. These data suggest that alternative mechanisms are involved during the initial sensing step. For example, helices may loosely attach onto membranes without entering the hydrophobic core, which could subsequently change the off-rate of EndoBAR--membrane complexes. In addition, positively charged residues located on the concave dimer surface may also contribute to initial sensing ability ([@B45]; [@B66]; [@B20]).

Our data from Trp fluorescence and laurdan quenching experiments indicate that helix insertion plays an active role in membrane deformation. First, there is a tight time coincidence between helix insertion and the initiation of membrane deformation, suggesting that helix insertion serves as a rate-limiting step for local membrane deformation. Second, experiments using DMPC liposomes indicate that helix insertion works against membrane rigidity to disturb lipid bilayers. Indeed, simulation findings show that, when amphipathic helices become folded on lipid bilayers, membrane defects are enlarged to accommodate the additional turns of hydrophobic faces of the helices ([@B12]). After helix insertion, the formation of endophilin linear aggregates on membranes may facilitate further changes in membranes ([@B56]; [@B57]).

Time scales of large-scale membrane-remodeling events
-----------------------------------------------------

EndoBAR remodels membranes into various structures, including bilayer tubules of various diameter, highly curved vesicles, and cylindrical micelles ([@B16]; [@B43]; [@B42]; [@B1]). Our results suggest that these large-scale morphological changes occur on longer time scales, ranging from seconds to minutes. Under our experimental conditions, tubulation becomes visible at between 3 s and 2 min, whereas vesiculation happens after 2 min. Our data outline a time frame for endophilin to produce morphological effects. Of greater importance, these results suggest that endophilin's action depends on how much time it has on endocytic membranes. All endocytosis events end with scission, although the duration of endocytic events varies significantly across different cell types. It is plausible that during rapid endocytosis, endophilin engages in only early actions due to time restriction, whereas it engages in additional activity during slower events. We propose that the temporal behavior of endophilin is an important aspect to consider when studying endophilin's contributions to cellular activities.

A fine balance between curvature stability and membrane fission
---------------------------------------------------------------

Transient membrane intermediates are often energetically unstable to sustain tension due to their high degree of curvature. Fission disrupts the membrane continuity by pinching off remodeling membranes from their origins and subsequently creates new membrane compartments. Endophilin has a role in regulating tubule stability and membrane fission. Previous findings showed that BAR protein coats provide mechanical support for membrane tubules ([@B58]). A recent study identified a new role for endophilin in the fission events during clathrin-independent endocytosis of Shiga and cholera toxin ([@B50]). Here our results suggest that a delicate balance between scaffolding and wedging is critical for tubule stability.

The mutant (M97S, F110S) endophilin exhibits both scaffolding and wedging defects, that is, a more curved scaffold interface, an H0 helix that fails to insert, and an HI helix that inserts less deeply. These data suggest that these mutations strongly affect how scaffolding and wedging mechanisms are integrated. Of interest, a mechanism for wedging--scaffolding integration has recently been proposed ([@B1]; [@B29]). These studies show that amphipathic helices insert deeply into membrane tubules, whereas on vesicles, they sit at much shallower positions in lipid bilayers. Deep insertion of helices brings the concave protein surface closer to membranes, which subsequently enhances the scaffolding effect ([@B29]). Therefore it is possible that a wedging--scaffolding switch controls the decision between tubulation and vesiculation ([@B29]). Our results are consistent with this model. The mutant EndoBAR HI helix inserts less deeply into the bilayer, and the H0 helix remains outside of the lipid core. These defects are likely to reduce the scaffolding effect and switch EndoBAR into a state promoting vesiculation. Consequently, weak scaffolding and shallower insertion may lead to increased curvature and reduced tubule stability ([@B10]; [@B70]; [@B1]; [@B29]).. In addition, changes in the dimer scaffold of mutant EndoBAR may lead to misplacement of amphipathic helices in membranes. The amphipathic helix H0 has been proposed to mediate intermolecular interactions between endophilin dimers ([@B42]; [@B13]), which hold endophilin in a position to form a stable lattice to promote the growth of membrane tubules. These models suggest that a coordinated integration of scaffolding and wedging activities is critical for tubule stability.

Finally, our results show that single-copy expression of the mutant (M97S, F110S) endophilin fails to restore miniature EPSC (mEPSC) frequency, suggesting that curvature stability is required for endophilin to support SV endocytosis in vivo. Surprisingly, expression of the mutant endophilin leads to a small but significant decrease in individual synaptic signals. These data suggest that the mutant endophilin not only loses its ability to support SV endocytosis, but it also gains an inhibitory role in endophilin-independent SV recycling---for example, slow clathrin-mediated endocytosis. Because several endophilin-like proteins have been implicated in clathrin-mediated endocytosis in neurons, we speculate that the mutant endophilin becomes "toxic" by interfering with other membrane-bending proteins. A reduction in mEPSC amplitude may be due to defects in the recycling of vesicular acetylcholine transporter or, alternatively, precocious pinching and smaller SVs.

Overall this study provides a dynamic view of how endophilin acts on the milliseconds-to-seconds time scale to support rapid endocytosis. It shows that endophilin is a multifaceted molecule that performs sensing and bending activities in a sequential manner to sculpt membranes. Delicate integration of multiple mechanisms may equip endophilin with functional specificity, which potentially explains why endophilin cannot be substituted by other membrane-bending BAR-domain proteins at synapses ([@B5]).

MATERIALS AND METHODS
=====================

Materials
---------

Lipids 1-palmitoyl-2-oleoyl-*sn*-glycero-3-phosphocholine (POPC), 1,2-dipalmitoyl-*sn*-glycero-3-phosphoethanolamine (DPPE), 1,2-dioleoyl-*sn*-glycero-3-phospho-[l]{.smallcaps}-serine (DOPS), and NBD-DPPE were obtained from NOF America Corporation (White Plains, NY). The 05:0 PC (1,2-dipentanoyl-*sn*-glycero-3-phosphocholine), 16:0--18:0 (6-7BR) PC (1-palmitoyl-2-(6,7-dibromo)stearoyl-*sn*-glycero-3-phosphocholine), and 16:0--18:0 (9-10BR) PC (1-palmitoyl-2-(9,10-dibromo)stearoyl-*sn*-glycero-3-phosphocholine) were purchased from Avanti Polar Lipids (Alabaster, AL). Pacific Blue C5-maleimide and laurdan were purchased from Life Technologies (Carlsbad, CA). Other reagents and chemicals were purchased from Sigma-Aldrich unless otherwise noted.

Plasmids
--------

cDNA encoding mouse endophilinA1 was amplified as previously described ([@B5]) and used for all analyses in this study. DNA fragments encoding his6-SUMO was inserted into the *Nco*I and *Bam*HI sites of PET28A vector (Novagen, Madison, WA), which subsequently results in the plasmid BJP-A03. To construct plasmids for recombinant protein expression, DNA fragments encoding endophilin variants were ligated into the *Bam*HI and *Not*I sites of BJP-A03. All mutations were generated using the overlapping primer method.

Recombinant proteins
--------------------

Recombinant endophilinA1 variants were expressed as hexahistidine (his6)-SUMO--tagged fusion proteins in the BL21(DE3) *Escherichia coli* strain and purified using standard protocols. Briefly, the bacteria culture was grown in Luria broth medium at 37°C. When OD~600~ reached 0.6, isopropyl--[d]{.smallcaps}-thiogalactopyranoside (0.2 mM) was added to induce protein expression. The bacteria culture was further shaken at 200 rpm overnight at 15°C for protein production. Bacteria were harvested by centrifugation and lysed by sonication in the lysis buffer (50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid \[HEPES\], pH 7.8, 300 mM NaCl, 15 mM imidazole). Proteins were purified using Ni-nitriloacetic acid (NTA)-agarose beads (Qiagen, Valencia, CA), and then eluted with lysis buffer plus 200 mM imidazole. Fusion proteins were cleaved by his6--ubiquitin-like-specific protease 1, and his6-SUMO fragments were removed using Ni-NTA-agarose beads (Qiagen). The resulting endophilin fragments have the native sequence without additional residues from the SUMO tag. Purified proteins were dialyzed against HEPES buffer (50 mM HEPES, pH 7.4, 150 mM NaCl) plus 2 mM dithiothreitol.

Fluorescence labeling of proteins
---------------------------------

Native cysteine residue (C108) of EndoBAR was labeled by incubation of proteins with a 10-fold molar excess of Pacific Blue C-maleimide (Life Technologies) at 4°C overnight in HEPES buffer (50 mm HEPES, 150 mm NaCl, pH 7.4) with 5 mm Tris(2-carboxyethyl)phosphine). Unbound fluorophores were removed by dialyzing against 1 l of HEPES buffer for 4 h. Pacific Blue concentration was determined using molar extinction coefficient (35,000 cm^−1^ M^−1^ at 401 nm). Protein concentrations were measured using Coomassie blue staining of proteins in SDS--PAGE gels using bovine serum albumin (BSA) as standard. For all labeling experiments, the labeling ratio was \>0.8--0.9.

Liposome preparation
--------------------

Phospholipids were dried under compressed nitrogen for at least 3 h and then lyophilized in Labconco Free Zone 2.5 lyophilizer for 1.5 h to remove residue chloroform. Dried lipids were reconstituted in HEPES buffer, followed by a brief sonication to homogenize the mixture. Large unilamellar liposomes with various diameters were prepared by extrusion at least 15 times through polycarbonate membranes, using Mini extruders (Avanti Polar Lipids).

Steady-state fluorescence measurements
--------------------------------------

Steady-state fluorescence measurements were carried out using a Cary eclipse fluorescence spectrophotometer (Agilent, Santa Clara, CA). Pacific Blue fluorescence was excited at 400 nm, laurdan fluorescence was excited at 365 nm, and Trp fluorescence was excited at 285 nm. For all steady-state measurements, 1 μM protein was incubated with liposomes (0.5 mM total lipids with indicated composition) for 5 min before measurements. All experiments were carried out at room temperature.

Stopped-flow kinetic measurements
---------------------------------

Stopped-flow measurements were carried out using a SX-20 stopped-flow spectrometer (Applied Photophysics, Leatherhead, UK) at room temperature. Laurdan was excited at 365 nm, Trp was excited at 285 nm, and Pacific Blue was excited at 400 nm. Laurdan emission fluorescence was collected using a 395-nm long-pass filter, NBD fluorescence was collected using a 515-nm long-pass filter, and Trp fluorescence was collected using 295-nm long-pass filter. All of the filters were supplied by Applied Photophysics. The dead time of the instrument was ∼1 ms. The on-rate (*k*~on~) and off-rate (*k*~off~) for the interaction of endophilin with liposomes was calculated using pseudo-first-order kinetics (*k*~obs~ = \[liposome\]*k*~on~ + *k*~off~).

Depth measurements
------------------

The depth measurements of Trp probes were carried out using parallax analysis ([@B39]; [@B31]; [@B4]) The distance of the Trp residue from the bilayer center (*Z*~CF~) was calculated from the equation where *L*~C1~ represents the distance from the bilayer center to the shallow quencher (11 Å for 6,7-Br~2~-PC), *C* is the mole fraction of the quencher divided by the lipid area (70 Å^2^), *F*~1~ and *F*~2~ are the relative fluorescence intensities of the shallow (6,7-Br~2~-PC) and deep (9,10-Br~2~-PC) quenchers, respectively, and *L* is the difference in the depth of the two quenchers (0.9 Å per CH~2~ or CBr~2~ group). For these brominated lipids, the thickness of the hydrophobic region is ∼29 Å.

Negative staining and transmission electron microscopy
------------------------------------------------------

Sample preparation for negative stain was carried out as previously described, with modifications ([@B16]). Briefly, nickel grids were glow discharged for 40 s, after which grids were incubated with samples for their respective times. Samples were fixed using 0.5× Karnovsky's fix at 3 s, 2 min, and 30 min. Samples were then washed with one drop of 0.1 M cacodylate buffer, followed by a four-drop H~2~O wash. One drop of 1% uranyl acetate was touched on the sample. The grids were then carefully dragged through dry filter papers and put in a desiccator overnight to dry. All images were collected in a JEOL TEM 1400 transmission electron microscope. All measurements were made using ImageJ.

Simulation setup
----------------

The BAR-domain dimer was modeled based on Protein Data Bank (PDB) ID 2CO8 ([@B66]). The VMD Molefacture plug-in ([www.ks.uiuc.edu/Research/vmd/plugins/](http://www.ks.uiuc.edu/Research/vmd/plugins/)) was used to model the H0 helices in helix conformation. The VMD Mutator plug-in was used to introduce mutations. Sodium and chloride ions were added to neutralize the simulated systems and to reach an ion concentration of 100 mM. The simulations used a hybrid-resolution model, PACE ([@B23], [@B24]; [@B69]; [@B49]; [@B21]), and yet the results rival those with all-atom simulations. The BAR domain was placed in the center of the water box with 20-Å margins in the *x*-direction and 25 Å of water margins in the *y*- and *z*-directions on each side. The resulting models contained ∼180,000 particles. The simulations described a constant-temperature, constant-pressure ensemble; temperature was maintained at 310 K through a Langevin thermostat with damping coefficient γ = 0.5 ps^−1^; pressure was maintained at 1 atm with a Langevin-piston barostat ([@B12]). Short-range nonbonded interactions were cut off smoothly between 10 and 12 Å; electrostatic interactions were modeled by effective potentials with shift from 0 to 12 Å; simulations were performed with an integration time step of 5 fs in NAMD 2.9 ([@B46]).

All trajectories were aligned to PDB structures based on helix residues before analysis. The final 50-ns trajectories were clustered with 6-Å cutoff. The cluster central structure of the most populated cluster with \>80% structure population was chosen as representative structure. The protein curvature was calculated as previously reported ([@B2]; [@B68]; [@B69]). The principal axis of the BAR domain defines an *xz*-plane, with the *xz*-axes being defined by the largest and smallest dimensions of the principal axis at time *t* = 0. The radius of curvature of the BAR domain was calculated by least-squared fitting of a circle to the helical residue profile (residues 29--58 and 90--250, H0 and HI helices not included) in the *xz*-plane. All visualization and analysis were performed in VMD.

Liposome flotation assay
------------------------

Experiments were carried out using published protocols with minor modifications ([@B67]). Briefly, protein (1 μM) and liposomes (2 mM total lipids; 70% PC, 25% PS, and 5% NBD-PE) were incubated at room temperature for 5 min. A sucrose gradient with respective percentages was prepared in a buffer containing 50 mM HEPES (pH 7.4) and 150 mM NaCl. Gradients were prepared to a final of 30 and 20% by diluting stock solution of 60% sucrose. Proteins and liposomes were loaded together into the 30% sucrose fraction. The sucrose gradient was set up using 500 μl of 30% sucrose solution and 500 μl of buffer separated by 4 ml of 20% sucrose solution. Samples were centrifuged in a SW-55-Ti rotor (Beckman) at 55,000 rpm for 2 h. A 50-μl sample was collected from the bottom. The top fraction was collected to include NBD-containing liposomes and concentrated to 50 μl. Samples (30 μl) were loaded onto 10% SDS--PAGE gels, followed by Western blotting. EndoBAR was detected using a mouse monoclonal antibody against endophilin A1 (55702; Abcam) and a horseradish peroxidase--conjugated goat anti-mouse secondary antibody (GenScript) and visualized using enhanced chemiluminescence.

Liposome cosedimentation assay
------------------------------

Experiments were performed as previously described ([@B27]). Protein (1 μM) and liposomes (2 mM total lipids; 70% PC, 25% PS, and 5% NBD-PE) were incubated at room temperature for 30 min. Samples were centrifuged in a TlA100.1 at 75,000 rpm for 30 min. Twenty microliters of the supernatant and pellet was resuspended in SDS sample buffer and loaded onto 10% SDS--PAGE gels. Proteins were visualized using Coomassie blue stain.

Electrophysiology
-----------------

Young adult worms were immobilized on Sylgard-coated coverslips with cyanoacrylate glue (Histoacryl Blue; Aesculap). Animals were dissected in extracellular solution via a dorsolateral incision, and gonad and intestines were removed to reveal the underlying ventral nerve cord and body-wall-muscle quadrants as previously described ([@B51]; [@B35]; [@B15]). Then the worm prep was mounted onto a fixed-stage upright microscope (BX51WI; Olympus) equipped with a 60× water-immersion objective lens.

Whole-cell patch clamp recordings were carried out at 20°C. A body-wall muscle cell was voltage clamped at −60 mV to record postsynaptic currents. Evoked EPSC responses were induced by applying a 0.4-ms, 30-μA pulse, generated by a stimulus isolator (A365; WPI), though a borosilicate pipette (∼2 MΩ) placed in close apposition to the ventral nerve cord. Series resistance was compensated to 70% for the evoked EPSC recording. The currents were amplified using EPC-10 (HEKA). The signals were sampled at 10 kHz using Patchmaster (HEKA), after low-pass filtering at 2 kHz. Patch pipettes (2--5 MΩ) were pulled using borosilicate glass and fire polished. The extracellular solution contained (in mM) 150 NaCl, 5 KCl, 1 CaCl~2~, 5 MgCl~2~, 10 glucose, and 10 HEPES, titrated to pH 7.3 with NaOH, 330 mOsm with sucrose. The internal solution contained (in mM) 135 CH~3~O~3~SCs, 5 CsCl, 5 MgCl~2~, 5 ethylene glycol tetraacetic acid, 0.25 CaCl~2~, 10 HEPES, and 5 Na~2~ATP, adjusted to pH 7.2 using CsOH. All chemicals were purchased from Sigma-Aldrich.

Electrophysiological data were analyzed using Igor Pro 6 (Wavemetrics) with custom-written software. Average values are reported as SEM. Statistical analysis was performed using Igor Pro 6. The *p* values were generated using Student's *t* test or one-way analysis of variance followed by Dunnett's test. *p* \< 0.05 was considered to be significant.
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